All relevant data are available in the Open Science Framework repository: <https://osf.io/34C9F/>.

Introduction {#sec001}
============

Gene--environment interactions (G × E) are defined as different effects of the environment on human behaviors, depending on the genotype, and vice versa. Neuroimaging studies have helped to reveal the putative mechanisms underlying the associations between candidate genetic polymorphisms and behavioral phenotypes related to the risk of psychiatric disorders \[[@pone.0221768.ref001]\]. However, recent studies have demonstrated that genetic polymorphisms associated with such risks are different from those associated with brain structure \[[@pone.0221768.ref002], [@pone.0221768.ref003]\]. These findings indicate that it is important to consider G × E when investigating brain structural characteristics associated with the risk of psychiatric disorders \[[@pone.0221768.ref001]\].

Prior G × E studies have focused on genetic polymorphisms associated with the hypothalamic--pituitary--adrenal (HPA) axis, as there is transdiagnostic evidence of the dysregulation of the HPA axis in psychiatric disorders \[[@pone.0221768.ref004]\]. In particular, numerous studies have demonstrated that the rs1360780 (C/T) single--nucleotide polymorphism (SNP) in the gene encoding FK506-binding protein 5 (FKBP5) modulates the association between early-life adversity and brain structure or function \[[@pone.0221768.ref005]--[@pone.0221768.ref008]\]. FKBP5 is a co-chaperone protein of the glucocorticoid receptor (GR) complex, which diminishes GR sensitivity to cortisol \[[@pone.0221768.ref009]\], and rs1360780 is a functional SNP, associated with the expression of FKBP5 \[[@pone.0221768.ref009]\]. The presence of the minor (T) allele results in the overexpression of FKBP5 in the context of GR activation, resulting in a prolonged cortisol stress response and impaired negative feedback of the HPA axis \[[@pone.0221768.ref009]\]. T/T homozygotes who experienced childhood maltreatment show reduced gray matter volumes in the insula, superior and middle temporal gyrus, hippocampus, amygdala, and anterior cingulate cortex \[[@pone.0221768.ref007]\]. Moreover, among major depressive disorder patients, T- allele carriers who were subjected to childhood maltreatment show reduced white matter integrity in the rolandic operculum \[[@pone.0221768.ref008]\]. The molecular mechanisms underlying the interaction between rs1360780 and early-life adversity are starting to be elucidated. Thus, it has been shown that early-life stress induces demethylation of a functional GR element within intron 7 of *FKBP5*, specifically in T-allele carriers \[[@pone.0221768.ref010]\]. This demethylation increases the FKBP5 overexpression following GR activation, resulting in further suppression of negative feedback \[[@pone.0221768.ref010]\]. Moreover, it has been revealed that *FKBP5* demethylation is associated with a reduced hippocampal volume \[[@pone.0221768.ref010]\]. Collectively, although the affected brain areas were inconsistent among various studies, neuroimaging \[[@pone.0221768.ref005]--[@pone.0221768.ref008]\] and epigenetic \[[@pone.0221768.ref010]\] evidence provides robust support for the interaction between *FKBP5* rs1360780 and early-life adversity with respect to brain structure.

However, recent G × E studies have been criticized based on associated difficulties in detecting interactions \[[@pone.0221768.ref004], [@pone.0221768.ref011], [@pone.0221768.ref012]\]. The effects of SNPs were small, moreover, almost all prior G × E studies focused on extreme and specific negative environments, such as childhood maltreatment \[[@pone.0221768.ref003]\]. Such rare combinations of genetic and environmental factors could obscure any existing interactions. In addition, it is unclear whether results from studies of childhood maltreatment are applicable to populations that lack such adverse experience during early life \[[@pone.0221768.ref013]\]. Therefore, it is also necessary to investigate the interaction between candidate genetic polymorphisms and non-adverse environmental factors, such as variations in parenting within the normal range \[[@pone.0221768.ref013]\]. Parental acceptance, which implies parental warmth, affection, love, care, nurturance, and supportiveness to a child, is an important element of positive parenting \[[@pone.0221768.ref014], [@pone.0221768.ref015]\]. There have been several studies that reported associations between positive parenting and the structure of the brain areas related to psychiatric disorders in children and adolescents \[[@pone.0221768.ref016]--[@pone.0221768.ref019]\]. However, it remains hitherto unknown how the interactions between the *FKBP5* rs1360780 genotype and positive parenting affect brain structures.

This study investigated how the *FKBP5* rs1360780 genotype modulated the association between positive parenting and brain structure using voxel-based morphometry. We hypothesized that subcortical areas would be affected because significant effects on the structure and function of these areas were demonstrated in previous studies of the interaction between the *FKBP5* rs1360780 genotype and early-life adversity \[[@pone.0221768.ref005]--[@pone.0221768.ref007],[@pone.0221768.ref010]\]. However, there have been no prior studies investigating the interaction between positive parenting and rs1360780 with respect to brain structure, and thus, it was difficult to determine a priori the regions of interest. Therefore, we adopted a whole-brain analysis approach to test our hypothesis.

Materials and methods {#sec002}
=====================

Subjects and eligibility criteria {#sec003}
---------------------------------

In contrast to prior studies, which investigated the interaction between the *FKBP5* rs1360780 genotype and childhood maltreatment in adult of European descent subjects \[[@pone.0221768.ref006], [@pone.0221768.ref007]\], all subjects of the present study were Japanese children. The reason why we chose children was that the data regarding parenting would be more accurate and the effects of various environmental factors other than parenting (e.g., lifestyle habits) on brain structure would be minimized relative to those obtained with adult samples. To our knowledge, there are no prior studies demonstrating the interaction between the *FKBP5* rs1360780 genotype and early-life adversity, such as maltreatment, in Japanese individuals. However, the robustness of interaction between the *FKBP5* rs1360780 genotype and early-life adversity has been supported by an epigenetic study \[[@pone.0221768.ref010]\]. Relevant epigenetic mechanisms should not differ between races, and thus, differences in the participants' ancestry between the present study and prior studies should not crucially affect the results. We confirmed that all subjects were of Japanese ancestry by interviewing their parents.

The details regarding the initial recruitment protocol have been described previously \[[@pone.0221768.ref020]\]. In brief, we collected brain magnetic resonance (MR) images from 290 children (145 boys and 145 girls; age range; 5.6--18.4 years) who did not have any history of malignant tumors or head traumas involving loss of consciousness. A follow-up experiment, which included 234 children, was conducted approximately 3 years after the first experiment. The subject recruitment protocol specified that only right-handed children were eligible to participate in this project. Additionally, the Edinburgh Handedness Inventory \[[@pone.0221768.ref021]\] was used to confirm right-handedness. This study was conducted according to the principles of the Declaration of Helsinki (1991). Written informed consent was obtained from all participants and their parents prior to MR scanning, after the purpose and procedures used in the study were fully explained. Informed assent was also obtained from the children. Our study was approved by the Institutional Review Board of Tohoku University. Although brain MR images were obtained in both experiments, the data regarding parenting were obtained only in the first experiment, and saliva samples for genetic analysis were collected in the follow-up experiment. Therefore, to match the timing of the parenting assessment and the acquisition of the brain images, we analyzed brain images from the first experiment. Of the 234 children who participated in the follow-up experiment, 11 children were excluded because of the lack of T1-weighted images (T1WIs) in the first experiment; 15 children were excluded because of the lack of complete answers regarding maternal acceptance, and six children were excluded because of the lack of the genotype information, due to the low quality of the saliva samples. Finally, 202 participants (101 boys and 101 girls, age range: 5.7--18.4 years) were included in the present study.

During the recruitment process, children with a history of epilepsy, impaired color vision, the diagnoses of developmental and congenital disorders, routine visits to a hospital because of an illness, or routine medications (except daily drugs such as cold or allergy medications) were excluded based on the reports provided by children and their parents. To identify neurological diseases, one of the authors (YT), a professional radiologist, reviewed the T1-weighted structural images before and after processing. We also used the Child Behavior Checklist to detect behavioral problems of the subjects. Although a T-score \> 70 on any subscale is considered the threshold between healthy and clinically significant cases, we did not exclude subjects based on this test score \[[@pone.0221768.ref019], [@pone.0221768.ref020], [@pone.0221768.ref022]\] because this criterion often excludes subjects who do not suffer from severe problems that require medication. Nevertheless, to examine whether this procedure affected the results and conclusions of the present study, we analyzed the data without subjects having a T-score \> 70 on any subscale from the Child Behavior Checklist. Using this criterion, 22 additional subjects (13 C/C homozygotes and nine T-allele carriers) were excluded. The results of this analysis were mostly the same as the significant results we report in the present study, although some statistical values showed slight changes.

Assessment of positive parenting {#sec004}
--------------------------------

As an index of positive parenting, we used the answers provided by subjects' mothers for the acceptance factor of the Family Diagnostic Test (FDT) for parents \[[@pone.0221768.ref023]\]. FDT is a validated Japanese questionnaire to assess the parent--child relationship and parenting style using seven factors (indifference, anxiety about parenting, disagreement with the partner, strict upbringing, hope for child's achievement, noninterference, and acceptance). The mothers answered the questions using a Likert scale, ranging from 1 to 5 (strongly disagree to strongly agree), to describe the extent to which they agreed with each item. The original version of FDT comprises 40 question items; however, in this project, the questionnaire was shortened by randomly selecting 20 question items to reduce the burden to the mothers who were also requested to answer many other questionnaires. The acceptance factor was assessed based on five question items (including two invert items), although that in the original FDT was based on 10 question items (including five invert items). This reduction is an important limitation of the present study. However, the Cronbach's α value of the five question items that we used was 0.72. Considering that the Cronbach's α value of the 10 question items of the acceptance factor in the original FDT was 0.82 \[[@pone.0221768.ref023]\], the internal consistency of the five items we used should be reliable. Consequently, we used the total score of the five items as an index of positive parenting and referred to these data as maternal acceptance in the following sections. A higher score indicated that the mother better accepted her child.

DNA collection and genotyping {#sec005}
-----------------------------

High-molecular-weight DNA was isolated from saliva using Oragene containers (DNA Genotek, Inc., Ottawa, ON, Canada) according to the manufacturer's protocol. The *FKBP5* polymorphism (rs1360780) was genotyped using a TaqMan assay (ID: C_8852038_10; Applied Biosystems, Foster City, CA, USA). Genotyping was conducted using a 10-μL volume containing 20 ng of genomic DNA, 5 μL of TaqMan master mix (Applied Biosystems), 0.25 μL of TaqMan assay reagents, and 2.25 μL of H~2~O. Genotyping was performed using a CFX Connect^TM^ real-time polymerase chain reaction detection system. Genotypes were scored using the algorithm and software supplied by the manufacturer (BioRad Laboratories, Hercules, CA, USA). The genotyping assays were validated in duplicate, and blanks were used as quality controls during genotyping.

In our sample, rs1360780 was in Hardy--Weinberg equilibrium (*χ*^2^ = 0.48, *p* = 0.79). We grouped the T/T homozygotes and C/T heterozygotes into one group because T is the minor allele and T/T homozygous samples were very rare among our subjects (N = 6).

Image acquisition {#sec006}
-----------------

All brain images were acquired using a 3-T Intera Achieva scanner (Phillips Medical Systems, Best, The Netherlands) at time point 1. T1WIs were collected using a three-dimensional, high-resolution, magnetization-prepared rapid gradient echo sequence. The imaging parameters were as follows: 240 × 240 matrix, TR = 6.5 ms, TE = 3 ms, TI = 711 ms, FOV = 24 cm, 162 slices, 1.0-mm slice thickness, and a scan duration of 483 s. Although our participants were children, sedation was not administered. Participant body motion was carefully observed by the technical staff during image aqcuisition. Scanning was repeated in the cases of excessive movement. The quality of the obtained images was evaluated by a professional radiologist (YT). Images with motion artifacts were excluded from analysis.

Preprocessing of brain images {#sec007}
-----------------------------

Preprocessing of the structural MR images was performed using the Statistical Parametric Mapping software 12 (SPM12; Wellcome Department of Cognitive Neurology, London UK) implemented in MATLAB (Math Works, Inc., Natick, MA, USA). The procedures were identical to those used in the previous study from the same project \[[@pone.0221768.ref024]\]. Using the segmentation algorithm implemented in SPM12, T1WIs from each subject were segmented into six tissues. In this segmentation process, default parameters were used, except that the Thorough Clean option was used to eliminate odd voxels; affine regularization was performed with the International Consortium for Brain Mapping template for East Asian brains, and the sampling distance was set at 1 mm. We then proceeded to the Diffeomorphic Anatomical Registration Through Exponentiated Lie Algebra (DARTEL) registration process implemented in SPM12. We used DARTEL-imported images of the two-tissue probability maps from the aforementioned segmentation process. First, the template for the DARTEL procedures was created using imaging data from all participants. Subsequently, the DARTEL procedures were performed for all participant images. The resulting images were spatially normalized to the Montreal Neurological Institute (MNI) space to provide images with 1.5 × 1.5 × 1.5 mm^3^ voxels. In addition, we conducted a volume change correction by modulating each voxel with the Jacobian determinants derived from spatial normalization, which allowed us to determine regional differences in the absolute amounts of brain tissue. Subsequently, all images were smoothed by convolving them with an isotropic Gaussian kernel of 8-mm full width at half maximum.

Statistical analysis {#sec008}
--------------------

First, we examined the independent effects of the rs1360780 genotype and maternal acceptance on brain structure using the SPM12 software. To examine the difference in regional gray matter volume (rGMV) between the rs1360780 genotypes (coded as a dummy variable, with C/C homozygotes = 0 and T-allele carriers = 1), we performed a whole-brain two-sample t-test. Further, we conducted a whole-brain multiple regression analysis to examine the association between maternal acceptance and rGMV. The subject's age, sex, and total brain volume were entered as covariates of no interest for both analyses. Moreover, for both analyses, the initial voxel threshold was set to 0.001 uncorrected. Clusters were considered significant when they fell below a cluster-corrected p(FWE) value of 0.05.

To examine the interactive effects of the rs1360780 genotype and maternal acceptance on rGMV, a whole-brain multiple regression analysis was conducted using the SPM12 software. The rs1360780 genotype, maternal acceptance (mean-centered), and an interaction term comprising rs1360780 genotype × maternal acceptance (the product of the dummy variables for the allele and the mean-centered total value of the answers for the five question items) were entered as predictor variables. The participants' age, sex, and total brain volume were entered as covariates of no interest. Interaction terms between predictor variables and covariates of no interest (genotype × age, genotype × sex, genotype × total brain volume, maternal acceptance × age, maternal acceptance × sex, and maternal acceptance × total brain volume) were also entered as covariates of no interest to accurately control for confounders \[[@pone.0221768.ref025]\]. All continuous variables were mean centered before analysis. The initial voxel threshold was set to 0.001 uncorrected. Clusters were considered significant when they fell below a cluster-corrected p(FWE) value of 0.05. For post-hoc analysis, we extracted the mean voxel value of significant clusters (the volume of the area) from each participant using the eigenvariate option in the SPM12 software. We performed the post-hoc analysis in two ways. First, simple slope analysis was used to examine the significance of the association between rGMV and maternal acceptance for each genotype. Second, we used the Johnson--Neyman method \[[@pone.0221768.ref026]\] to calculate the values of maternal acceptance at which rGMVs were significantly different between the genotypes. Both post-hoc tests were performed using a computational tool (<http://www.quantpsy.org/interact/>) developed by Preacher and colleagues \[[@pone.0221768.ref027]\], after the values necessary for analysis (regression coefficients and coefficients of variance of the intercept, genotype, maternal acceptance, and genotype × maternal acceptance, as well as coefficients of covariance between the intercept and genotype and between maternal acceptance and genotype × maternal acceptance) were calculated by multiple regression analysis using SPSS Statistics 24.0 (SPSS, Inc., Chicago, IL, USA).

Results {#sec009}
=======

Participants' characteristics {#sec010}
-----------------------------

The participants' characteristics are shown in [Table 1](#pone.0221768.t001){ref-type="table"}. We found significant differences in the sex distribution between the genotypes ([Table 1](#pone.0221768.t001){ref-type="table"}). We therefore entered the sex into the following analysis to correct for potential confounding effects. The distribution of maternal acceptance is shown in [Fig 1](#pone.0221768.g001){ref-type="fig"}.

![Histogram of maternal acceptance.\
The X-axis indicates the score of maternal acceptance, which was the total of the answers of the participants' mothers for five question items in the acceptance factor in the Family Diagnostic Test. The Y-axis indicates the number of the participants' mothers for each score. The maximum, median, and minimum score of maternal acceptance is also presented.](pone.0221768.g001){#pone.0221768.g001}

10.1371/journal.pone.0221768.t001

###### Characteristics of the subjects.

![](pone.0221768.t001){#pone.0221768.t001g}

                                           C/C homozygotes (N = 130)   T-allele carriers (N = 72)                 Analysis   Total sample                                 
  ---------------------------------------- --------------------------- ------------------------------------------ ---------- -------------- ------ ----- ------ --------- -------
  **Sex (female)**                         56                          43.10                                      45         62.50          6.99   1     0.01   101       50
                                           Mean                        SD[^a^](#t001fn001){ref-type="table-fn"}   Mean       SD             *t*    df    *p*    Mean      SD
  **Maternal acceptance**                  20.26                       2.87                                       20.01      2.91           0.58   200   0.56   20.17     2.88
  **Age (years)**                          11.29                       3.06                                       11.23      2.87           0.12   200   0.91   11.27     2.99
  **Total brain volume (mm**^**3**^**)**   1142.63                     90.81                                      1116.70    20.01          1.95   200   0.05   1133.39   90.93

^a^SD, standard deviation.

Imaging results {#sec011}
---------------

### Effects of the rs1360780 genotype on rGMV {#sec012}

A two-sample *t*-test revealed significant differences in rGMVs between C/C homozygotes and T-allele carriers. As shown in [Fig 2](#pone.0221768.g002){ref-type="fig"}, the C/C homozygotes showed significantly greater rGMVs in the clusters, including the left middle cingulate cortex (MCC) \[MNI coordinates of the peak voxel = (−12, −4, 32), *T* = 4.88, cluster size = 1,348, *p* = 0.007\]. Further, there were no regions where the T-allele carriers showed significantly greater rGMVs than did the C/C homozygotes.

![Differences in the regional gray matter volumes (rGMVs) in the middle cingulate cortex (MCC) between the rs1360780 genotypes.\
(A) Brain area in which the C/C homozygotes showed significantly greater rGMVs than did the T-allele carriers. The right side of the coronal image and the bottom of the axial image correspond to the right side of the brain. The color bar indicates the *T*-value. (B) Box plot indicating differences in the mean voxel value of the left MCC between the genotypes.](pone.0221768.g002){#pone.0221768.g002}

### Effects of positive parenting on rGMV {#sec013}

As shown in [Fig 3](#pone.0221768.g003){ref-type="fig"}, multiple regression analysis demonstrated a significant positive correlation between maternal acceptance and rGMV in the right frontal pole \[MNI coordinates at peak voxel = (3, 63, −9), *T* = 4.59, cluster size = 932, *p* = 0.032\]. However, there was no significant negative association between maternal acceptance and rGMV in any region.

![Association between maternal acceptance and the regional gray matter volume (rGMV) in the frontal pole.\
(A) Brain area in which the maternal acceptance and rGMV were significantly and positively correlated. The right side of the coronal image and the bottom of the axial image correspond to the right side of the brain. The color bar indicates the *T*-value. (B) Scatter plot indicating the association between the mean voxel value of the right frontal pole and maternal acceptance.](pone.0221768.g003){#pone.0221768.g003}

Interactive effects of the rs1360780 genotype and positive parenting on rGMV {#sec014}
----------------------------------------------------------------------------

Multiple regression analysis using SPM12 showed a significant interactive effect of the rs1360780 genotype and maternal acceptance on rGMV in the cluster of the left thalamus ([Table 2](#pone.0221768.t002){ref-type="table"}, [Fig 4A](#pone.0221768.g004){ref-type="fig"}). A significant interactive effect on rGMV was also observed in a similar area of the right hemisphere at a liberal statistical threshold (*p* \< 0.01, uncorrected; [Table 2](#pone.0221768.t002){ref-type="table"}). As shown in [Fig 4B](#pone.0221768.g004){ref-type="fig"}, simple slope analysis indicated a significant positive association between maternal acceptance and rGMV in the left thalamus of the T-allele carriers (simple slope = 0.005, *t* = 2.47, *p* = 0.014); in contrast, a significant negative association was observed in the C/C homozygotes (simple slope = −0.003, *t* = −1.99, *p* = 0.047). Moreover, Johnson--Neyman analysis indicated that among participants with maternal acceptance score at or below the 70th percentiles (scoring 22 or lower on the maternal acceptance scale), the T-allele carriers had significantly reduced thalamic rGMVs compared with those of the C/C homozygotes (t = 3.81, *p* \< 0.001).

![Interactive effect of the rs1360780 genotype and maternal acceptance on the regional gray matter volume (rGMV) in the left thalamus.\
(A) Brain area in which rGMV showed a significant interaction between the rs1360780 genotype and maternal acceptance. The right side of the coronal image and the bottom of the axial image correspond to the right side of the brain. The color bar indicates the *T*-value. (B) Scatter plot indicates that the association between maternal acceptance and rGMV in the left thalamus was modulated by the rs1360780 genotype. The violet line and violet triangles indicate T-allele carriers. The green line and green circles indicate C/C homozygotes. The highlighted area indicates the region where rGMV differences between the genotypes reached significance. Although we used mean-centered values of maternal acceptance in statistical analysis, this figure was plotted with raw values.](pone.0221768.g004){#pone.0221768.g004}

10.1371/journal.pone.0221768.t002

###### Brain areas and Montreal Neurological Institute (MNI) coordinates that demonstrate the interaction between rs1360780 genotype and maternal acceptance.

![](pone.0221768.t002){#pone.0221768.t002g}

  Brain area           Peak voxel MNI coordinates   Peak level *T-* score   Cluster size (number of voxels)   Cluster *p-* value (FWE corrected)          
  -------------------- ---------------------------- ----------------------- --------------------------------- ------------------------------------ ------ -------
  **Left thalamus**    −15                          −6                      3                                 4.08                                 1562   0.003
  **Right thalamus**   12                           −28                     3                                 3.98                                 712    0.078
  **Right thalamus**   21                           −6                      2                                 3.72                                 560    0.149

The level of statistical significance was set at *p* \< 0.05 and was corrected at the non-isotropic adjusted cluster level using a family-wise error (FWE) with an underlying voxel level of *p* \< 0.001.

Discussion {#sec015}
==========

To the best of our knowledge, this is the first study to demonstrate the interactive effect of the *FKBP5* rs1360780 genotype and a non-adverse environmental factor on brain structure. We found a significant positive association between maternal acceptance and rGMV in the thalamus of T-allele carriers. In contrast, there was a significant negative association between rGMV in the thalamus and maternal acceptance in C/C homozygotes. Moreover, at or below the 70th percentiles of maternal acceptance, rGMVs in this area were significantly smaller in the T-allele carriers than in the C/C homozygotes.

The thalamus is a critical component of the cortical--basal ganglia--thalamic circuits, integrating various inputs related to emotions, cognition, motivation, and motor function to modulate behaviors \[[@pone.0221768.ref028]\]. Structural and functional abnormalities in these circuits are related to impaired cognitive control, which results in various psychopathologies, such as major depressive disorder or obsessive--compulsive disorder \[[@pone.0221768.ref029]\]. The regulatory role of the thalamus in the HPA axis stress response was also reported in animal studies \[[@pone.0221768.ref030], [@pone.0221768.ref031]\]. The anterodorsal thalamic nucleus in rats inhibits the adrenocorticotropic hormone release under basal, non-stressful conditions \[[@pone.0221768.ref030]\]. In response to chronic stress, corticosterone binds to GR in the posterior paraventricular thalamus in rats to promote feedback inhibition of the HPA axis stress response and habituation to stress \[[@pone.0221768.ref031]\]. Moreover, an association between glucocorticoid levels and the thalamic volume was demonstrated by imaging studies \[[@pone.0221768.ref032], [@pone.0221768.ref033]\]. It was also reported that the thalamus is one of the areas that express FKBP5 \[[@pone.0221768.ref034], [@pone.0221768.ref035]\], and the distribution of FKBP5 under basal conditions is identical to that of GR \[[@pone.0221768.ref034]\], which was previously detected in the thalamus using immunohistochemistry and in situ hybridization \[[@pone.0221768.ref035]\]. To our knowledge, there are no studies demonstrating the association between the thalamic structure in children or adolescents and maternal acceptance; however, an association between the structure and function of the thalamus and aversive parenting has been shown in several studies \[[@pone.0221768.ref036]--[@pone.0221768.ref038]\]. The left thalamic gray matter volume was found to correlate with childhood maltreatment in generalized anxiety disorder patients \[[@pone.0221768.ref036]\], and the right thalamic gray matter volume was determined to be smaller in bipolar disorder patients who experienced emotional neglect \[[@pone.0221768.ref037]\]. Moreover, there is an association between an increased T2 relaxation time in the thalamus and harsh corporal punishment \[[@pone.0221768.ref038]\]. Consequently, we believe that the interaction between the rs1360780 genotype and maternal acceptance affected rGMV in the thalamus, because this area is sensitive to emotional stimuli in the context of relationships with caregivers, among the areas that expresses GR and FKBP5.

Our results also demonstrated that rGMVs in the thalamus were smaller in the T-allele carriers than in the C/C homozygotes at almost all levels of maternal acceptance. Reduced rGMVs in T-allele subjects who experienced childhood abuse have been reported previously, although the data were based on adult samples \[[@pone.0221768.ref007]\]. Moreover, the rs1360780 T allele are associated with a higher cortisol reactivity because of the overproduction of FKBP5 and dysregulation of the HPA axis \[[@pone.0221768.ref009], [@pone.0221768.ref039], [@pone.0221768.ref040]\]. Chronic glucocorticoid production results in dysregulated expression and function of the brain-derived neurotropic factor through stimulation of GR \[[@pone.0221768.ref041], [@pone.0221768.ref042]\]. Indeed, the concentration of cortisol or its interaction with environmental factors affects brain structure during the developmental period \[[@pone.0221768.ref018], [@pone.0221768.ref043]\]. Therefore, it has been suggested that the excessive cortisol secretion in a stressful environment would influence the neural development, resulting in smaller rGMVs. Importantly, the present study demonstrated that the rs1360780 T-allele carriers showed smaller rGMVs than did the C/C homozygotes, even at a low to moderate level of maternal acceptance, which is not equivalent to extremely negative environments, such as abuse and neglect. We speculate that T-allele carriers sensitively perceive stress from relationships with caregivers because there is evidence that these individuals have an enhanced attention bias to threat \[[@pone.0221768.ref044]\]. Hence, even if it is not an extremely and specifically negative environment, rs1360780 T-allele carriers would regard such environment as stressful, and subsequent excessive cortisol production would affect the neural structure.

Although a prior study \[[@pone.0221768.ref007]\] that investigated the interaction between rs1360780 and childhood abuse showed reduced rGMVs in the insula, amygdala, temporal gyrus, anterior cingulate cortex, and hippocampus, we did not find any significant differences in these areas. These inconsistencies might be attributed to two causes. First, as mentioned previously, the environment we studied was not adverse. Early-life adversity induces *FKBP5* demethylation in intron 7 in T-allele carriers, and *FKBP5* demethylation negatively correlates with the hippocampal volume \[[@pone.0221768.ref010]\]. We speculate that no such epigenetic changes occurred among the T-allele carriers in our cohort. Thus, the neural outcome could differ from that occurring in the context of adversity. Second, the subjects of the study by Grabe et al. (2016) \[[@pone.0221768.ref007]\] were adults, whereas our cohort comprised children and adolescents. Prior studies have reported that subcortical structures, and especially the hippocampus, are influenced by early-life adversity \[[@pone.0221768.ref044], [@pone.0221768.ref045]\]. However, unlike that in adulthood, a reduction in the hippocampal volume is not observed in childhood because early-life stress prevents synaptogenesis but does not prevent synaptic pruning \[[@pone.0221768.ref046], [@pone.0221768.ref047]\]. Therefore, it is possible that the effect of the interaction between the rs1360780 genotype and maternal acceptance on the hippocampus and other structures appears after the maturation of these areas.

Interestingly, the interaction between the rs1360780 genotype and maternal acceptance found in this study was disordinal; specifically, higher maternal acceptance predicted larger thalamic rGMVs among T-allele carriers and smaller thalamic rGMVs among C/C homozygotes. There is an argument that disordinal interactions are often observed when the significance of the interaction is ostensive, particularly when sample sizes are small \[[@pone.0221768.ref012]\]. However, the region of significance calculated using the Johnson--Neyman method provides evidence of a true disordinal interaction \[[@pone.0221768.ref012]\]; therefore, we believe that the interaction we found was not a type I error. For reference, a prior study \[[@pone.0221768.ref048]\] demonstrated similar interaction results. Rabl et al. (2014) reported that the effect of early-life stress on hippocampal volume was modulated by genetic polymorphisms in *COMT* and *SLC6A4*. In particular, subjects with a low genetic risk (Val allele in *COMT* rs4680 and L allele in *SLC6A4* 5-HTTLPR) showed a positive association between early- life stress and the hippocampal volume, whereas those with a high genetic risk (Met allele in *COMT* rs4680 and S allele in *SLC6A4* 5-HTTLPR) showed a negative association \[[@pone.0221768.ref048]\]. It is challenging to explain the biological mechanism of the disordinal interaction that we detected; however, one possible explanation is as follows. Sheikh et al. \[[@pone.0221768.ref018]\] showed that the association between positive parenting and white matter integrity in girls was modulated by inherent cortisol levels. For example, in girls with higher cortisol levels at the age of 3, a negative correlation was found between positive parenting and fractional anisotropy in the anterior cingulate cortex at the age of 6, whereas a positive correlation was revealed in girls with lower cortisol levels \[[@pone.0221768.ref018]\]. Thus, Sheikh and colleagues suggested that the developing brains of children might be differentially affected by positive parenting, depending on the child's inherent level of cortisol reactivity to stress. The results of the present study support this hypothesis. We suggest that rs1360780 C/C homozygotes and T-allele carriers would show different neural developmental processes in response to deficient maternal acceptance, such as impaired synaptic pruning in C/C homozygotes and decreased synaptogenesis in T-allele carriers. Our results indicated that when maternal acceptance was higher, C/C homozygotes and T-allele carriers showed similar thalamic rGMVs. Hence, we also speculate that there is an appropriate and desirable thalamus size and adequate positive parenting contributes to achieving this size irrespective of the rs1360780 genotype. Obviously, we cannot verify these speculations in this study. Further study is needed to investigate the neural and molecular mechanisms underlying the associations among the *FKBP5* genetic polymorphism, positive parenting, and brain structure.

We also found that T-allele carriers showed significantly reduced rGMVs in the left MCC compared with those in C/C homozygotes. This difference between the genotypes is consistent with the results of Fujii et al. \[[@pone.0221768.ref049]\] who showed that rGMVs in the left dorsal anterior cingulate cortex, which is part of MCC \[[@pone.0221768.ref050]\], were smaller in T-allele carriers than in C/C homozygotes in Japanese healthy adults. Our results indicate that the structural differences in the cingulate area between the rs1360780 genotypes previously existed during childhood.

Furthermore, we showed a significant positive correlation between maternal acceptance and rGMV in the right frontal pole (also known as Broadman area 10, or the ventromedial prefrontal cortex \[[@pone.0221768.ref051]\]). Several studies have demonstrated the association between parenting and the structure of this area. For example, maltreated children with post-traumatic stress disorder were found to have smaller rGMVs in the right ventromedial prefrontal cortex compared to those in maltreated children without post-traumatic stress disorder and controls \[[@pone.0221768.ref052]\]. Moreover, rGMV in the Broadman area10 is negatively correlated with maternal emotional warmth in heathy young adults \[[@pone.0221768.ref053]\]. The frontal pole has a very high gray matter growth rate during late childhood \[[@pone.0221768.ref054], [@pone.0221768.ref055]\]. Our subjects included children in the critical period of gray matter maturation, and thus, it seems plausible that higher maternal acceptance predicts an increased rGMV in the frontal pole.

Our study has several important limitations. First, the sample size was too small to examine G × E; therefore, the results of the present study should be considered preliminary. Second, we only examined the interactive effect on the intermediate phenotype, and thus, it is still unclear how differences in thalamic rGMVs between C/C homozygotes and T-allele carriers are reflected in behavioral phenotypes, such as depressive tendencies or resilient characteristics. Further studies should investigate the relationships among the rs1360780 genotype, positive parenting, brain structure, and behavior to gain a deeper understanding of individual differences in the risk of psychiatric disorders. Third, we have no data on maltreatment for this cohort. It is possible that children with lower maternal acceptance experienced aversive parenting, but we cannot verify this possibility and correct for its associated effect in the interaction analysis. In addition, we only focused on maternal acceptance as an environmental factor. There are various aspects of parenting within a normal (non-adverse) environment, such as warmth, harshness, responsiveness, and overprotection \[[@pone.0221768.ref013]\]. Further studies should investigate the interactions between genetic risk factors and various aspects of parenting. Finally, given the cross-sectional nature of our study, we were unable to observe the future outcomes with respect to the interaction between rs1360780 and maternal acceptance. Longitudinal studies will be necessary to elucidate the long-term effects of the interaction between genetic factors and non-adverse environments during developmental periods.

In summary, we showed that the *FKBP5* rs1360780 genotype modulated the association between maternal acceptance and rGMV in the thalamus of healthy children. To our knowledge, this is the first study to demonstrate a significant interactive effect of the rs1360780 genotype and non-adverse, positive parenting on brain structures that are associated with psychiatric disorders. The present study emphasizes the need to investigate the role of non-adverse environmental factors in imaging-based G × E research. Further studies may elucidate the mechanisms that underlie the risk of psychiatric disorders in people who do not experience early-life adversity.
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